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ÑÏÐßÆÅÍ² ÐÅÀÊÖ²¯ Â ÁÀÃÀÒÎÊÎÌÏÎÍÅÍÒÍ²É ÑÈÑÒÅÌ²
SrO–BaO–Al2O3–SiO2

Íàö³îíàëüíèé òåõí³÷íèé óí³âåðñèòåò «Õàðê³âñüêèé ïîë³òåõí³÷íèé ³íñòèòóò», ì. Õàðê³â, Óêðà¿íà

Ïðîãðåñ ó ãàëóç³ àâ³àáóäóâàííÿ çàçâè÷àé âèçíà÷àºòüñÿ ôóíêö³îíàëüíèìè ìîæëè-
âîñòÿìè òèõ ìàòåð³àë³â, ÿê³ âèêîðèñòîâóþòüñÿ ïðè ñòâîðåíí³ àâ³àö³éíî¿ òåõí³êè.
Êîìïîçèö³¿ öåëüç³àí-ñëàâñîí³òîâî¿ êåðàì³êè, ùî íàëåæàòü äî îêñèäíî¿ ñèñòåìè
BaO–SrO–Al2O3–SiO2 çà ðàõóíîê âèñîêèõ ïîêàçíèê³â åëåêòðîô³çè÷íèõ, åëåêòðî-
äèíàì³÷íèõ òà åêñïëóàòàö³éíèõ âëàñòèâîñòåé º ïåðñïåêòèâíèìè äëÿ âèêîðèñòàííÿ
ó ãàëóç³ àâ³àáóäóâàííÿ. Ó çâ’ÿçêó ç öèì ñòàíîâèòü ³íòåðåñ òåîðåòè÷íå äîñë³äæåííÿ
¿¿ ñóáñîë³äóñíî¿ áóäîâè. Ó ðîáîò³ íàâåäåí³ ðåçóëüòàòè ðîçðàõóíêó â³ëüíî¿ åíåðã³¿
Ã³ááñà äëÿ ñïðÿæåíèõ ðåàêö³é â äàí³é áàãàòîêîìïîíåíòí³é ñèñòåì³. Íàâåäåíî
òåìïåðàòóðí³ ³íòåðâàëè ñï³â³ñíóâàííÿ êîìá³íàö³é ôàç òà ïîáóäîâàíî óòâîðåí³ åëå-
ìåíòàðí³ òåòðàåäðè. Çà ðåçóëüòàòàìè ïðîâåäåíèõ òåîðåòè÷íèõ äîñë³äæåíü âñòàíîâ-
ëåíî, ùî ðîçãëÿíóòà áàãàòîêîìïîíåíòíà ñèñòåìà ðîçáèâàºòüñÿ íà 28 åëåìåíòà-
ðíèõ òåòðàåäð³â. Ï³äòâåðäæåíî ³ñíóâàííÿ êîìá³íàö³¿ ôàç Sr2Al2SiO7–2SrSiO3–BaSiO3

â ³íòåðâàë³ òåìïåðàòóð 300–1700 Ê, ùî óòâîðþþòü ì³æ ñîáîþ «çàïîâíåíèé òðè-
êóòíèê». Íà îñíîâ³ ïðîâåäåíèõ òåðìîäèíàì³÷íèõ ðîçðàõóíê³â âñòàíîâëåíî, ùî
ðåàêö³ÿ ì³æ ôàçàìè Ba2SiO4 òà SrAl2Si2O8 çà òåìïåðàòóð äî 1200 Ê íå â³äáóâàºòüñÿ,
à â ïðîì³æêó 1200–1700 Ê òåðìîäèíàì³÷íî ìîæëèâà ç óòâîðåííÿì êîìá³íàö³¿ ôàç
BaSiO3–BaAl2O4–Sr2Al2SiO7, ùî óòâîðþþòü ñîáîþ «çàïîâíåíèé êîíòóð».

Êëþ÷îâ³ ñëîâà: áàãàòîêîìïîíåíòíà ñèñòåìà, ñïðÿæåí³ ðåàêö³¿, â³ëüíà åíåðã³ÿ Ã³ááñà,
åëåìåíòàðí³ òåòðàåäðè, ðàä³îïðîçîðà êåðàì³êà.
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Âñòóï
Ïåðñïåêòèâè ðîçâèòêó â Óêðà¿í³ âèðîá-

íèöòâà åëåêòðîòåõí³÷íî¿ êåðàì³êè âèçíà÷àþòüñÿ
äîñòóïí³ñòþ ñèðîâèííèõ ìàòåð³àë³â, ¿õ íèçüêîþ
âàðò³ñòþ òà âèñîêîìó ð³âíþ êâàë³ô³êàö³¿ óêðà-
¿íñüêèõ ìàòåð³àëîçíàâö³â. Âñå öå ñïðèÿº ñòâîðåí-
íþ êîíêóðåíòîñïðîìîæíèõ ïðîäóêò³â, ùî â³äïî-
â³äàþòü ì³æíàðîäíèì ñòàíäàðòàì. Òàêèì ÷èíîì,
ðîçðîáêà íîâèõ âèä³â åëåêòðîòåõí³÷íî¿ êåðàì³êè ç
íåîáõ³äíèìè åëåêòðîô³çè÷íèìè õàðàêòåðèñòèêà-
ìè º âàæëèâèì çàâäàííÿì ñó÷àñíî¿ íàóêè òà
ïðàêòèêè ó ãàëóç³ ìàòåð³àëîçíàâñòâà.

Â äàíèé ÷àñ íà îñíîâ³ ñïîëóê ñèñòåìè SrO–
BaO–Al2O3–SiO2 ñòâîðþþòü âèñîêîòåìïåðàòóðí³
ðàä³îïðîçîð³ êåðàì³÷í³ ìàòåð³àëè äëÿ êîñì³÷íî¿ òà

ðàêåòíî¿ òåõí³êè. Â³äîìî, ùî êåðàì³÷í³ ìàòåð³àëè
íà îñíîâ³ êîìïîçèö³é äàíî¿ ÷îòèðèêîìïîíåíòíî¿
ñèñòåìè âîëîä³þòü íèçüêèìè çíà÷åííÿìè ïî-
êàçíèê³â ä³åëåêòðè÷íî¿ ïðîíèêíîñò³ òà òàíãåíñó
êóòà ä³åëåêòðè÷íèõ âòðàò ó øèðîêîìó ÷àñòîòíîìó
ä³àïàçîí³ åëåêòðîìàãí³òíèõ õâèëü òà øèðîêîìó
òåìïåðàòóðíîìó ³íòåðâàë³ [1–5]. Îñê³ëüêè ïåðå-
âàæíî òàê³ ìàòåð³àëè âèêîðèñòîâóþòü çà âèñîêèõ
ðîáî÷èõ òåìïåðàòóð, âèíèêàº çàö³êàâëåí³ñòü ó
äîñë³äæåíí³ ðåàêö³é çàçíà÷åíî¿ ñèñòåìè çà òåìïå-
ðàòóð åêñïëóàòàö³¿ âèùå 12000Ñ.

×îòèðèêîìïîíåíòíà ñèñòåìà SrO–BaO–
Al2O3–SiO2 òà ¿¿ ï³äñèñòåìè âèâ÷àëèñÿ ó íèçö³
äîñë³äæåíü [6–8]. Òåîðåòè÷íó áóäîâó ñèñòåìè
SrO–BaO–Al2O3–SiO2 ðàí³øå íàäàíî ó ðîáîò³ [9].
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Âò³ì, ïðè ïîáóäîâ³ çàçíà÷åíî¿ ÷îòèðèêîìïî-
íåíòíî¿ ñèñòåìè àâòîðàìè âðàõîâóâàëàñü ñïîëóêà
Al2SiO5 òà íå áðàëàñü äî óâàãè ñïîëóêà Al6Si2O13.

Â³äîìî, ùî â á³íàðí³é ñèñòåì³ Al2O3–SiO2 çà
òåìïåðàòóð âèùå 11000Ñ ìîäèô³êàö³¿ Al2SiO5 (ñè-
ë³ìàí³ò, àíäàëóçèò ³ ê³àí³ò) ïåðåõîäÿòü â ôàçè ìó-
ë³òó ³ êðèñòîáàë³òó ç³ çá³ëüøåííÿì îá’ºìó â³ä 4
äî 21%. Âèõîäÿ÷è ç íàâåäåíî¿ ³íôîðìàö³¿, àâòî-
ðàìè ðîá³ò [10,11] ïðè ðîçãëÿä³ áóäîâè ñèñòåìè
SrO–BaO–Al2O3–SiO2 çàì³ñòü ôàçè Al2SiO5 ó
ðîçðàõóíêàõ âðàõîâàíî ôàçó Al6Si2O13 òà íàäàíî
ñâ³é âàð³àíò áóäîâè ñèñòåìè, ùî ñêëàäàëàñÿ ç
27 åëåìåíòàðíèõ òåòðàåäð³â.

Ìåòîäèêà äîñë³äæåííÿ
Ðîçðàõóíêè â³ëüíî¿ åíåðã³¿ Ã³ááñà âèêîíóâà-

ëè çà íàñòóïíîþ ìåòîäèêîþ:
1. Âèçíà÷àºìî åíòàëüï³þ ðåàêö³¿ ïðè 298 Ê

çà òàêîþ ôîðìóëîþ
0 0 0
298p 298 продуктів 298 вихідних речовинH H H .∆ = ∆ − ∆∑ ∑  (1)

2. Âèçíà÷àºìî åíòðîï³þ ðåàêö³¿ ïðè 298 Ê
çà ôîðìóëîþ

3. Âèçíà÷àºìî êîåô³ö³ºíòè ð³âíÿííÿ çà-
ëåæíîñò³ òåïëîºìíîñò³ â³ä òåìïåðàòóðè ðåàêö³¿, âè-
ðàæàþ÷è éîãî ó âèãëÿä³ ∆Ñð=∆a+∆bT+∆cT–2

4. Ï³äñòàâëÿºìî çíà÷åííÿ ∆H0
298 ³ ∆Ñð=f(Ò)

ó ôîðìóëó äëÿ âèçíà÷åííÿ ∆H0
Ò

5. Çíàþ÷è ∆S0
298 ³ ∆Ñð=f(Ò), âèçíà÷àºìî ∆S0

Ò

çà ôîðìóëîþ

6. Çíàþ÷è ∆H0
Ò ³ ∆S0

Ò, âèçíà÷àºìî ∆G0
Ò çà

ôîðìóëîþ

Ðåçóëüòàòè òà îáãîâîðåííÿ
Ïðè âèâ÷åíí³ áàãàòîêîìïîíåíòíèõ ñèñòåì

ñë³ä âðàõîâóâàòè ìîæëèâ³ñòü ïðîò³êàííÿ ñïðÿæå-
íèõ ðåàêö³é. Ïðè öüîìó íàé÷àñò³øå âèõîäèòü
D+Å=À+Â+Ñ, äå ôàçè ÀÂÑ óòâîðþâàòèìóòü «çà-
ïîâíåíèé òðèêóòíèê». Îäíàê, ÿêùî ïîïàðíî ³ñíó-
þ÷³ ôàçè ÀÂ, ÀÑ, ÂÑ â ïîòð³éí³é êîìá³íàö³¿ äà-
âàòèìóòü ðåàêö³þ ÀÂ+ÀÑ+ÂÑ=D+Å (ôàçè D ³ Å
â öüîìó âèïàäêó íå ðåàãóþòü ç ïàðíèìè ôàçàìè

ÀÂ, ÀÑ ³ ÂÑ), òî êîíòóð ÀÂÑ ³ñíóâàòèìå, àëå â³í
âèÿâëÿºòüñÿ «ïîðîæí³ì», â ñâîþ ÷åðãó ê³ëüê³ñòü
åëåìåíòàðíèõ òåòðàåäð³â çá³ëüøóºòüñÿ ç 2 äî 3.
Ðåàêö³¿ òàêîãî âèäó íàçèâàþòüñÿ ñïðÿæåíèìè; áåç
ïðîâåäåííÿ òåðìîäèíàì³÷íîãî àíàë³çó, íàâ³òü çà
äîïîìîãîþ åêñïåðèìåíòàëüíèõ ïåðåâ³ðîê, ³íêîëè
âîíè âèÿâëÿþòüñÿ íåïåðåäáà÷óâàíèìè.

Àíàë³ç ñóáñîë³äóñíî¿ áóäîâè ñèñòåìè
SrO–BaO–Al2O3–SiO2 [10] ïîêàçàâ, ùî çà ï³äâè-
ùåíèõ òåìïåðàòóð â ö³é ñèñòåì³ òàêîæ ïðèñóòíÿ
íèçêà ñïðÿæåíèõ ðåàêö³é. Äëÿ âèÿâëåííÿ ñï³â³ñíó-
âàííÿ ôàç òà áóäîâè îêðåìèõ ä³ëÿíîê ñèñòåìè
íåîáõ³äíî ïðîâåñòè òåðìîäèíàì³÷íèé àíàë³ç öèõ
ðåàêö³é.

Âèõ³äí³ òåðìîäèíàì³÷í³ êîíñòàíòè äëÿ
ðîçðàõóíê³â íàâåäåíî â òàáëèö³ [7,12].

Ðîçãëÿíåìî ìîæëèâ³ ðåàêö³¿ âçàºìîä³¿ ôàç â
ñèñòåì³ òà âèçíà÷èìî ¿õ òåìïåðàòóðí³ çàëåæíîñò³
â³ä â³ëüíî¿ åíåðã³¿ Ã³ááñà.

Ðåàêö³ÿ 1

SrAl2Si2O8+BaSi2O5=SiO2+BaAl2Si2O8+SrSiO3.

Ðåçóëüòàòè ðîçðàõóíêó òà òåìïåðàòóðíó çà-
ëåæí³ñòü â³ëüíî¿ åíåðã³¿ Ã³ááñà ∆G0

Ò íàäàíî íà
ðèñ. 1. Âèäíî, ùî SrAl2Si2O8 ðåàãóº ç BaSi2O5 â
³íòåðâàë³ òåìïåðàòóð 300–1700 Ê ç óòâîðåííÿì
êîìá³íàö³¿ ôàç SiO2–BaAl2Si2O8–SrSiO3

(«çàïîâíåíèé òðèêóòíèê»). Çà òàêèõ óìîâ ä³ëÿíêà
ñèñòåìè SrAl2Si2O8–BaSi2O5–SiO2–BaAl2Si2O8–
SrSiO3 ðîçáèâàºòüñÿ íà 2 åëåìåíòàðí³ òåòðàåäðè
(ðèñ. 2):

1 – SrAl2Si2O8–SiO2–BaAl2Si2O8–SrSiO3,

2 – BaSi2O5–SiO2–BaAl2Si2O8–SrSiO3.

Ðåàêö³ÿ 2

BaAl2Si2O8+2Sr2SiO4=Sr2Al2SiO7+2SrSiO3+BaSiO3.

Òåìïåðàòóðíó çàëåæí³ñòü â³ëüíî¿ åíåðã³¿
Ã³ááñà äëÿ ö³º¿ ðåàêö³¿ íàâåäåíî íà ðèñ. 3, ç ÿêîãî
âèäíî, ùî â ³íòåðâàë³ òåìïåðàòóð 300–800 Ê ôàçà
BaAl2Si2O8 ðåàãóº ç Sr2SiO4 ³ç óòâîðåííÿì êîìá³-
íàö³¿ ôàç Sr2Al2SiO7–SrSiO3–BaSiO3, ÿêà ñêëàäàº
ñîáîþ «çàïîâíåíèé òðèêóòíèê». Çà òåìïåðàòóð,
âèùèõ çà 800 Ê, BaAl2Si2O8 íå âçàºìîä³º ç ôàçîþ
Sr2SiO4, ùî ïðèçâîäèòü äî ïîÿâè êîíîäè
BaAl2Si2O8–Sr2SiO4. Ïðè öüîìó ä³ëÿíêà ñèñòåìè
BaAl2Si2O8–Sr2SiO4–Sr2Al2SiO7–SrSiO3–BaSiO3

ðîçáèâàºòüñÿ íà 2 åëåìåíòàðí³ òåòðàåäðè (ðèñ. 4,à).
Çà òåìïåðàòóðè âèùå 800 Ê BaAl2Si2O8 íå

ðåàãóº ç Sr2SiO4, ç’ÿâëÿºòüñÿ êîíîäà BaAl2Si2O8–
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Âèõ³äí³ òåðìîäèíàì³÷í³ êîíñòàíòè

Коефіцієнти в рівнянні Ср=a+bT+cT–2+dT2+eT3+fT–1+gT0,5 

Речовина ∆H, кДж ∆S, Дж/К 

a b c d e f g 

Діапазон 

температур, 

K Д
ж

ер
ел

о
 

SrO –592,142 53,58 47,46 0,00614 –380000 0 0 0 0 298–2703 

BaO –548,104 72,069 59,418 0,00818 –156351 0 0 –3762 –0,216 298–2286 
[7] 

Al2O3 –1675,61 50,92 114,77 0,0128 –3544000 0 0 0 0  [12] 

(β-Q) SiO2 –911,07 41,48 46,94 0,03431 –1130000 0 0 0 0 298–848 

–911,04758 

(α-Q) SiO2 dH(trans)=1,21417 

(при 848 K) 

41,868 60,331788 0,00812 0 0 0 0 0 848–2000 
[12] 

(α-T) SiO2 –906,4422 43,54272 57,107952 0,01105 0 0 0 0 0 390–2000 

SrA2 –4035 181 271,77 0,0388 –7157450 0 –2⋅10–9 0 0 298–2139 

SrA (LT) –2349,245 124 158 0,031 –3813450 0 –8⋅10–9 0 0 298–932 

SrA(HT) (932 K+) 
dH(trans)=2 
(при 932 K) 

dS(trans)=2,146 
(при 932 K) 

157 0,026 –3613450 0 –2⋅10–9 0 0 932–3000 

Sr3A –3545,865 249 252,12 0,03828 –4373450 0 –2⋅10–9 0 0 298–2055 

B3A –3504,317 280 256,836 0,04836 –312702 0 0 –7524 –0,432 298–1877 

BA (LT) –2324,178 158 170,5 0,022 –5613450 0 0 0 0 298,15–600 

Ba(HT) (600 K+) 
dH(trans)=1,4 
(при 600 K) 

dS(trans)=2,5 
(при 600 K) 

138 0,032 0 0 0 0 0 600–2500 

SrS –1632 95,6 104 0,026 –2113450 0 –100⋅10–9 0 0 298–2273 

Sr2S (LT) –2304 156 0,0235 –2718797 1,40E-05 –5,4⋅10–9 0 0 298–2400 

Sr2S(HT) (1973 K+) 
dH(trans)=4,277 

(при 1973 K) 

155,6 
217,92 2400–2673 

B2S –2292,422 176,146 153,553 0,043 –2790728 0 0 0 0 298–1973 

B2S3 –4173,22 260,45 259,656 0,11929 –3702702 0 0 –7524 –0,432 298–1731 

BS –1617,258 108,784 100,249 0,0387 –1959786 0 0 0 0 298–2473 

BAS2 (LT) 261,05 0,0664 –5256000 0 0 0 0 298–712 

BAS2(LT) (712 K+) 
–42443 

234 0,108 –250000 0 0 0 0 712–2200 

BAS2(HT) (1863 K+) 
dH(trans)=100 Дж 

(при 15900C) 

246,5 

261,05 0,0664 –5256000 0 0 0 0 298–2036 

SrAS2 (LT) 269,59 0,05784 –5833000 0 0 0 0 298–712 

SrAS2(HT) (712 K+) 
–4248 209,854 

256,21 0,08756 –6184000 0 0 0 0 712–1927 

Sr2AS –3989,732 235,7 261 0,052 –5726900 0 –1E-09 0 0 298–1977 

BS2 –2543,2 153,4 153,298 0,0768 –2416351 0 0 –7524 –0,432 298–1710 

[7] 

 
Sr2SiO4, à ïîïàðíî ñï³â³ñíóþ÷³ ôàçè Sr2Al2SiO7–
SrSiO3, Sr2Al2SiO7–BaSiO3 òà SrSiO3–BaSiO3 â
ïîòð³éí³é êîìá³íàö³¿ («ïîðîæí³é êîíòóð») äàþòü
ðåàêö³þ

Sr2Al2SiO7+2SrSiO3+BaSiO3=BaAl2Si2O8+2Sr2SiO4.

Òàêèì ÷èíîì ä³ëÿíêà ñèñòåìè BaAl2Si2O8–
Sr2SiO4–Sr2Al2SiO7–SrSiO3–BaSiO3 ðîçáèâàºòüñÿ íà
3 åëåìåíòàðí³ òåòðàåäðè (ðèñ. 4,á)

1 – BaAl2Si2O8–Sr2SiO4–Sr2Al2SiO7–SrSiO3,

2 – BaAl2Si2O8–Sr2SiO4–Sr2Al2SiO7–BaSiO3,

3 – BaAl2Si2O8–Sr2SiO4–SrSiO3–BaSiO3.

Ðåàêö³ÿ 3

2Ba2Si3O8+Sr2Al2SiO7=3BaSiO3+BaAl2Si2O8+
+2SrSiO3.

Çàëåæí³ñòü â³ëüíî¿ åíåðã³¿ Ã³ááñà â³ä òåìïå-
ðàòóðè íàâåäåíî íà ðèñ. 5. ²ç öüîãî ãðàô³êà    âèäíî,
ùî â ³íòåðâàë³ òåìïåðàòóð 300–1700 Ê ôàçà
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Ðèñ. 1 Çàëåæí³ñòü â³ëüíî¿ åíåðã³¿ Ã³ááñà (Äæ/ìîëü) â³ä òåìïåðàòóðè (Ê) äëÿ ðåàêö³¿

SrAl2Si2O8+BaSi2O5=SiO2+BaAl2Si2O8+SrSiO3

Ðèñ. 2. Åëåìåíòðí³ òåòðàåäðè ä³ëÿíêè

SrAl2Si2O8–BaSi2O5–SiO2–BaAl2Si2O8–SrSiO3 ñèñòåìè

SrO–BaO–Al2O3–SiO2

Ba2Si3O8 ïîâí³ñòþ ðåàãóº ç Sr2Al2SiO7 ç óòâîðåí-
íÿì êîìá³íàö³¿ ôàç BaSiO3–BaAl2Si2O8–SrSiO3

(«çàïîâíåíèé êîíòóð»). Ïðè öüîìó ðîçãëÿíóòà
ä³ëÿíêà ñèñòåìè Ba2Si3O8–Sr2Al2SiO7–BaSiO3–
BaAl2Si2O8–SrSiO3 ðîçáèâàºòüñÿ íà 2 åëåìåíòàðí³
òåòðàåäðè, ÿê³ íàâåäåíî íà ðèñ. 6

1 – Ba2Si3O8–BaSiO3–BaAl2Si2O8–SrSiO3,

2 – Sr2Al2SiO7–BaSiO3–BaAl2Si2O8–SrSiO3.

Ðåàêö³ÿ 4

4Ba2SiO4+2SrAl2Si2O8=7BaSiO3+BaAl2O4+Sr2Al2SiO7.

Çàëåæí³ñòü â³ëüíî¿ åíåðã³¿ Ã³ááñà â³ä òåìïå-
ðàòóðè äëÿ ö³º¿ ðåàêö³¿ íàâåäåíà íà ðèñ. 7. Äàí³
òåðìîäèíàì³÷íèõ ðîçðàõóíê³â ïîêàçóþòü, ùî â

Ðèñ. 3. Çàëåæí³ñòü â³ëüíî¿ åíåðã³¿ Ã³ááñà (Äæ/ìîëü) â³ä òåìïåðàòóðè (Ê) äëÿ ðåàêö³¿

BaAl2Si2O8+2Sr2SiO4=Sr2Al2SiO7+2SrSiO3+BaSiO3
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Ðèñ. 4. Åëåìåíòàðí³ òåòðàåäðè ä³ëÿíêè

 BaAl2Si2O8–Sr2SiO4–Sr2Al2SiO7–SrSiO3–BaSiO3

ñèñòåìè SrO–BaO–Al2O3–SiO2 â ³íòåðâàë³ òåìïåðàòóð

300–800 Ê (à) ³ 800–1700 Ê (á)

Ðèñ. 5. Çàëåæí³ñòü â³ëüíî¿ åíåðã³¿ Ã³ááñà (Äæ/ìîëü) â³ä òåìïåðàòóðè (Ê) äëÿ ðåàêö³¿ 

2Ba2Si3O8+Sr2Al2SiO7=3BaSiO3+BaAl2Si2O8+2SrSiO3

³íòåðâàë³ òåìïåðàòóð 300–1190 Ê Ba2SiO4 íå
ðåàãóº ç SrAl2Si2O8. Ôàçè Ba2SiO4 ³ SrAl2Si2O8 ó
öüîìó âèïàäêó íå ðåàãóþòü ç BaSiO3, BaAl2O4,
Sr2Al2SiO7. Êîìá³íàö³ÿ ôàç BaSiO3–BaAl2O4–
Sr2Al2SiO7 óòâîðþº «ïîðîæí³é êîíòóð», òîáòî ìàº
ì³ñöå íàñòóïíà ðåàêö³ÿ

7BaSiO3+BaAl2O4+Sr2Al2SiO7=4Ba2SiO4+2SrAl2Si2O8.

Â ñâîþ ÷åðãó, öå ïðèâîäèòü äî òîãî, ùî
ä³ëÿíêà ñèñòåìè BaSiO3–BaAl2O4–Sr2Al2SiO7–
Ba2SiO4–SrAl2Si2O8 ðîçáèâàºòüñÿ íà 3 åëåìåíòàð-
íèõ òåòðàåäðà (ðèñ. 8,à)

1 – BaAl2O4–Sr2Al2SiO7–Ba2SiO4–SrAl2Si2O8,

2 – BaSiO3–Sr2Al2SiO7–Ba2SiO4–SrAl2Si2O8,

3 – BaSiO3–BaAl2O4–Ba2SiO4–SrAl2Si2O8.

Â ³íòåðâàë³ òåìïåðàòóð 1190–1700 Ê êîíîäà
Ba2SiO4–SrAl2Si2O8 çíèêàº, à êîìá³íàö³ÿ ôàç

BaSiO3–BaAl2O4–Sr2Al2SiO7 óòâîðþº «çàïîâíåíèé
êîíòóð». Ä³ëÿíêà ñèñòåìè BaSiO3–BaAl2O4–
Sr2Al2SiO7–Ba2SiO4–SrAl2Si2O8 ðîçáèâàºòüñÿ íà 2
åëåìåíòàðíèõ òåòðàåäðè (ðèñ. 8,á)

1 – BaSiO3–BaAl2O4–Sr2Al2SiO7–SrAl2Si2O8,

2 – BaSiO3–BaAl2O4–Sr2Al2SiO7–Ba2SiO4.

Âèñíîâêè
Çà ðåçóëüòàòàìè çä³éñíåíèõ òåîðåòè÷íèõ

äîñë³äæåíü ó ñèñòåì³ SrO–BaO–Al2O3–SiO2 âñòà-
íîâëåíà ìîæëèâ³ñòü ïðîò³êàííÿ ñïðÿæåíèõ ðå-
àêö³é, ùî â îêðåìèõ âèïàäêàõ ïðèâîäèòü äî ïå-
ðåáóäîâè êîíîä.

Âèÿâëåíî, ùî â ³íòåðâàë³ òåìïåðàòóð 800–
1700 Ê ³ñíóº êîíîäà BaAl2Si2O8–Sr2SiO4. Ó ñâîþ
÷åðãó, â ³íòåðâàë³ 300–800 Ê ôàçà BaAl2Si2O8

ðåàãóº ç ôàçîþ Sr2SiO4, çà ðàõóíîê ÷îãî óòâî-
ðþºòüñÿ êîìá³íàö³ÿ ôàç Sr2Al2SiO7–2SrSiO3–BaSiO3

(«çàïîâíåíèé òðèêóòíèê»). Òàêîæ ï³äòâåðäæåíî
³ñíóâàííÿ ùå îäíîãî «çàïîâíåíîãî òðèêóòíèêà» ç
êîìá³íàö³¿ ôàç Sr2Al2SiO7–2SrSiO3–BaSiO3 â ³í-
òåðâàë³ òåìïåðàòóð 300–1700 Ê.

Äàí³ òåðìîäèíàì³÷íèõ ðîçðàõóíê³â ï³ä-
òâåðäæóþòü, ùî äî òåìïåðàòóðè 1200 Ê ôàçà
Ba2SiO4 íå ðåàãóº ç SrAl2Si2O8, ïðîòå â ³íòåðâàë³
òåìïåðàòóð 1200–1700 Ê ðåàêö³ÿ ñòàº òåðìîäèíà-
ì³÷íî ìîæëèâîþ ç óòâîðåííÿì êîìá³íàö³¿ ôàç
BaSiO3–BaAl2O4–Sr2Al2SiO7 («çàïîâíåíèé êîíòóð»).

Îòðèìàí³ äàí³ ñë³ä âðàõîâóâàòè â ïîäàëüøî-
ìó ïðè ðîçãëÿä³ ñóáñîë³äóñíî¿ áóäîâè ñèñòåìè
SrO–BaO–Al2O3–SiO2 òà ìîæóòü âèêîðèñòîâóâà-
òèñü ïðè ðîçðîáö³ ñêëàä³â âèñîêîòåìïåðàòóðíèõ
ðàä³îïðîçîðèõ êåðàì³÷íèõ ìàòåð³àë³â â êîñì³÷í³é
òà àâ³àö³éí³é ãàëóçÿõ.
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Ðèñ. 6. Åëåìåíòàðí³ òåòðàåäðè ä³ëÿíêè

Ba2Si3O8–Sr2Al2SiO7–BaSiO3–BaAl2Si2O8–SrSiO3

ñèñòåìè SrO–BaO–Al2O3–SiO2 â ³íòåðâàë³ òåìïåðàòóð

300–1700 Ê

2. Sebastian M.T., Ubic R., Jantunen H. Low-loss dielectric

ceramic materials and their properties // Int. Mater. Rev. –

2015. – Vol.60. – No. 7. – Ð.392-412.

3. Structure and microwave dielectric properties of

BaAl2Si2O8 ceramic with Li2O–B2O3 sintering additive /

Huang L., Ding S., Yan X., Song T., Zhang Y. // J. Alloys.

Compd. – 2020. – Vol.820. – Art. No. 153100.

4. Ultra-high frequency radio-transparent ceramics of celsian

composition based on BaO–Al2O3–B2O3–SiO2 glass:
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Ðèñ. 7. Çàëåæí³ñòü â³ëüíî¿ åíåðã³¿ Ã³ááñà (Äæ/ìîëü) â³ä òåìïåðàòóðè (Ê) äëÿ ðåàêö³¿

4Ba2SiO4+2SrAl2Si2O8=7BaSiO3+BaAl2O4+Sr2Al2SiO7
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SrO–BaO–Al2O3–SiO2
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Progress in the field of aircraft construction is usually
determined by the functional capabilities of those materials that
are used for the creation of aircraft equipment. Compositions of
celsian-slawsonite ceramics belonging to the BaO–SrO–Al2O3–
SiO2 oxide system are promising for use in the aircraft industry
due to their high operational properties. In this regard, a theoretical
study of its subsolidus structure is of great interest. The paper
presents the results of calculating the Gibbs free energy for coupled
reactions in the selected multicomponent system. The temperature
intervals of the coexistence of phase combinations are given and
the formed elementary tetrahedra are constructed. According to
the results of theoretical studies, it is established that the considered
multicomponent system is divided into 28 elementary tetrahedra.
The existence of a combination of Sr2Al2SiO7–2SrSiO3–BaSiO3

phases in the temperature range of 300–700 K is confirmed, a
«filled triangle» being formed between them. Based on the results
of thermodynamic calculations, it is established that the reaction
between Ba2SiO4 and SrAl2Si2O8 phases does not occur at
temperatures up to 1200 K, and it is thermodynamically possible
in the range of 1200–1700 K with the formation of a combination
of BaSiO3–BaAl2O4–Sr2Al2SiO7 phases, which form a «filled
circuit».

Keywords: multicomponent system; coupled reaction;
Gibbs free energy; elementary tetrahedral; radiotransparent
ceramics.
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